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material. Ready-to-use, sterile hydrogels were produced by a simple technique,
namely heat-induced gelation. Two different concentrations (10 and 20 % w/w) of sol-
gel-derived BG particles of two different sizes (2.5 and <45 µm) were compared. µCT
analysis showed that hydrogels were highly porous with almost 100% pore
interconnectivity. BG particles were generally homogenously distributed in the hydrogel
matrix, affecting pore size, and reducing material porosity. Thermal analysis showed
that the presence of BG particles in WPI matrix reduced water content in hydrogels and
improved their thermal stability. BG particles decreased enzymatic degradation of the
materials. The materials underwent mineralization in simulated biological fluids (PBS
and SBF) and possessed high radical scavenging capacity.  In vitro  tests indicated
that hydrogels were cytocompatible and supported MG-63 osteoblastic cell functions.
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Abstract 
This study deals with the design and comprehensive evaluation of novel hydrogels based on whey 
protein isolate (WPI) for tissue regeneration. So far, WPI has been considered mainly as a food 
industry by-product and there are very few reports on the application of WPI in tissue engineering 
(TE). In this work, WPI-based hydrogels were modified with bioactive glass (BG), which is 
commonly used as a bone substitute material. Ready-to-use, sterile hydrogels were produced by a 
simple technique, namely heat-induced gelation. Two different concentrations (10 and 20 % w/w) of 
sol-gel-derived BG particles of two different sizes (2.5 and <45 µm) were compared. µCT analysis 
showed that hydrogels were highly porous with almost 100% pore interconnectivity. BG particles 
Manuscript Click here to view linked References
were generally homogenously distributed in the hydrogel matrix, affecting pore size, and reducing 
material porosity. Thermal analysis showed that the presence of BG particles in WPI matrix reduced 
water content in hydrogels and improved their thermal stability. BG particles decreased enzymatic 
degradation of the materials. The materials underwent mineralization in simulated biological fluids 
(PBS and SBF) and possessed high radical scavenging capacity. In vitro tests indicated that hydrogels 
were cytocompatible and supported MG-63 osteoblastic cell functions. 
Keywords: waste material; mineralization; enzymatic degradation; antioxidant activity; dynamic 
mechanical analysis; micro-computed tomography 
1. Introduction 
Bone tissue is a natural composite with a complex, architectural structure and unique 
properties, which makes the design of a suitable replacement very demanding [1]. Therefore, tissue 
engineering (TE) has become a popular approach in the treatment of damaged bone tissue  in recent 
years. Various types of biomaterials have been used for bone regeneration [2]. Much attention has 
been paid to hydrogels – three-dimensional cross-linked polymer networks which retain a large 
amount of water. Hydrogels have many advantages; they demonstrate comparable mechanical 
properties to soft tissues, and it is relatively easy to modify them and adjust their properties. However, 
the major disadvantages of these materials, from the point of view of bone tissue regeneration, are 
low mechanical strength and lack of bioactivity, i.e. the formation of a direct chemical bond with 
bone and promotion of the regeneration processes. Therefore, attempts to combine hydrogels with 
other components to improve these features and mimic the structure of natural bone tissue have been 
undertaken [3].  
 An interesting substance that is able to form a hydrogel is whey protein isolate (WPI). WPI 
consists of many proteins, mainly β-lactoglobulin, with smaller amounts of α-lactalbumin, serum 
albumin and other milk proteins. Cross-linking of β-lactoglobulin is most commonly achieved by 
thermal treatment. The temperature-induced gelation results from peptide denaturation and 
aggregation processes via covalent intermolecular bonds (thiol (–SH)/disulfide (S–S) interchange 
reactions) and other intermolecular non-covalent interactions (van der Waals, electrostatic and 
hydrophobic interactions) [4]. Two indisputable practical advantages of WPI are low cost and 
availability in vast amounts due to the large size of the dairy industry worldwide. So far, WPI has 
been considered mainly as a food waste and there are very few reports on the application of WPI in 
TE. Recently, it has been shown that WPI added to cell culture medium  promotes bone cell 
proliferation and osteogenic differentiation in vitro [5,6]. Our recent studies clearly indicated that 
WPI is also a promising biomaterial for TE in the form of composite hydrogels. It was shown that 
enzymatic mineralization of WPI hydrogels [7]  as well as the incorporation of a ceramic phase, such 
as calcium phosphate [8] and aragonite [9]  in WPI-based matrices significantly altered the properties 
relevant for bone regeneration applications (swelling and degradation rate, mechanical performance, 
microstructural features, osteoblastic cell response). 
Incorporating a bioactive inorganic phase in the hydrogel matrix will also assure direct 
chemical bonding with bone and lead to improved roughness and local stiffness which will enhance 
the attachment, proliferation and differentiation of osteoblasts and further increase the integration of 
the material in the surrounding bone tissue [10]. Particularly innovative in those processes is the use 
of bioactive glasses (BGs). The products of BG dissolution assure osteoinductivity, as silica and 
calcium ions stimulate osteogenic genes’ expression, further modulation of osteogenesis and bone 
formation [11]. Furthermore, sol-gel-derived BGs, because of their high surface area and the presence 
of silanol groups (Si-OH) in their structure, show enhanced chemical reactivity in biological 
environments in comparison with conventional melt-derived glasses [12]. Our previous studies 
indicated that fast and massive Ca2+ ion release from sol-gel-derived, calcium-rich BGs accelerates 
rapid nucleation and crystallization of calcium phosphate layers [13]  and also alters the properties of 
hydrogel-based materials, e.g. gelation process, antibacterial activity [14,15]. 
Building on the promising results of our previous studies, in this work hydrogel biomaterials 
made of WPI were modified by incorporation of gel-derived calcium-rich BG particles. The study 
involved investigation of the effect of (a) different concentrations of BG particles in WPI matrix as 
well as (b) various BG particle sizes on (i) distribution of BG particles in the hydrogel matrix, as well 
as its microstructure and porosity; (ii) thermal stability and thermal degradation processes; (iii) 
compressive strength; (iv) viscoelastic properties; (v) swelling behaviour and hydrolytic degradation 
in different media; (vi) enzymatic degradation; (vii) in vitro mineralisation process of hydrogels; (viii) 
radical scavenging capacity; (ix) in vitro MG-63 osteoblastic cell response; and (x) antibacterial 
activity against S. aureus. To the best of our knowledge, this is the first such comprehensive and in-
depth study on WPI-based composite hydrogels modified with BG particles for potential regeneration 
of non-load bearing bone tissue defects.  
2. Methods 
2.1. Preparation of WPI/BG composite hydrogels 
BG powder of the following composition (%mol) 54CaO-40SiO2-6P2O5, denoted as A2, was 
synthetized using a sol-gel technique as reported previously [16]. Two sizes of BG particles were 
used: 2.5 µm (d50) and < 45 µm.  
WPI-based hydrogels with the addition of 10% or 20% w/w of BG particles of 2.5 µm (d50) 
and < 45 µm sizes were produced (hereafter denoted as WPI/10A22.5, WPI/20A22.5, WPI/10A245, 
WPI/20A245, respectively). WPI solution (40 w/v%) was prepared by dissolving WPI powder 
(Davisco, USA) in deionised water (dH2O) in an ultrasonic bath for 30 min below 35 ºC. 0.5 ml of 
the solution were then mixed with the correct amount of BG powder in 2 ml Eppendorf tubes. Samples 
were then homogenised using a vortexer for 10 s and preheated at 90 °C during continuous mixing 
(3000 rpm) with a ThermoMixer C (Eppendorf, Germany) for 3 min to prevent BG sedimentation. 
Finally, materials were autoclaved for 15 min at 121 °C. WPI hydrogels with no addition of BG 
particles served as control samples.  
2.2. Micro-computed tomography (μCT) analysis 
μCT scans were recorded using a SkyScan 1272 high-resolution X-Ray microtomograph 
(Bruker MicroCT, Belgium). The samples were scanned in sealed 2 ml Eppendorf tubes which were 
fixed on the sample holder using modelling clay. All samples were scanned without filter at a voltage 
of 50 kV and an emission current of 200 µA. The images were registered at a resolution of 2452 x 
1640 and a pixel size of 5 µm, with a rotation step of 0.3 degrees and 3 frames averaging. All images 
were processed using CT NRecon software (Version 1.7.1.6) and reconstructed as 3D objects using 
CTVox (Version 3.3.or1403). DataViewer was employed for detailed visualization of the transverse 
and longitudinal cross sections of the samples. Quantitative analysis of the porosity of the tested 
samples was performed using CT Analyzer software (Version 1.17.7.2). The reconstructed cross-
sections obtained following micro-CT scanning were loaded into the software and the sample was 
divided into three sections, each containing 500 slices. 
2.3. Thermogravimetric analysis (TGA) 
Thermal stability and thermal degradation processes of hydrogels were determined on the 
basis of the results of thermogravimetric analysis (TGA) and differential thermogravimetric analysis 
(DTG). The measurements were performed using a Discovery TGA 550 analyser (TA Instruments, 
USA) in the temperature range from 35 to 600 °C at a heating rate of 10 °C min-1, under a nitrogen 
atmosphere. The samples (c.a. 10 mg) were placed in a platinum crucible. 
2.4. Compression tests 
Mechanical strength of hydrogels was determined using an Inspekt 5 Table Blue testing 
machine (Hegewald & Peschke, Germany) equipped with a 100 N load cell. Samples were cut into 
cylinders of 10 mm height and compressed with a displacement rate of 5 mm min-1 (n = 10). Then, 
Young’s modulus (EC) and the stresses corresponding to compression of a sample by 50% (σ50%) 
were measured. The results were expressed as mean ± standard deviation (SD). 
2.5. Dynamic mechanical analysis (DMA) 
Viscoelastic properties of hydrogels were determined using dynamic mechanical analysis 
(DMA). The hydrogels were subjected to a cyclic load (compression) with temperature change over 
time. The measurements were performed using a Discovery DMA 850 analyser (TA Instruments, 
USA) in the temperature range from -90 ° C to 110 ° C at a heating rate of 3°C min-1. The frequency 
of the applied load (1N) was 10 Hz with an amplitude of 35 µm. 
2.6. Swelling tests 
Swelling behaviour of hydrogels was investigated by incubating the samples (n = 3) in dH2O 
and phosphate buffered saline (PBS; Gibco, USA) at 37 °C. The samples were weighed at the 
beginning of the experiment and again after 1, 3 and 7 days of incubation. Before weighing the 
samples were placed on filter paper to remove excess water from the surface. Swelling of each sample 
was calculated as follows: 
𝑊𝑡−𝑊0
𝑊0
× 100%, where Wt is weight after specific period of incubation, W0 
is weight before incubation. Materials after incubation were freeze-dried for further analyses. The 
results were expressed as mean ± standard deviation (SD). 
2.7. Bicinchoninic acid (BCA) assay 
To assess the level of hydrolytic degradation of hydrogels and protein release to incubation 
medium, BCA assay was performed using Bicinchoninic Acid Kit (Sigma-Aldrich, USA) according 
to the manufacturer’s protocol after 1, 3, and 7 days of incubation in dH2O and PBS. The absorbance 
of samples was measured at 562 nm with a Tecan Infinite M200 PRO plate reader (Tecan Group Ltd., 
Switzerland). The amount of protein released to the medium was calculated  on the basis of a standard 
curve. The results were expressed as mean ± standard deviation (SD). 
2.8. Enzymatic degradation 
Enzymatic degradation of hydrogels was investigated by incubating the samples (n = 3) in 
PBS (Gibco, USA) containing 0.025% trypsin (Gibco, USA) and 0.025% subtilisin (Sigma-Aldrich, 
USA) at 37 °C. The samples were freeze-dried and weighed at the beginning of the experiment and 




100%, where W0 is the weight of the freeze-dried sample before incubation and Wt is the weight of 
the freeze-dried sample after a specific period of incubation. The results were expressed as mean ± 
standard deviation (SD). 
2.9. Mineralisation in simulated body fluid (SBF) 
 The mineralization process of hydrogels was performed by incubation in SBF, prepared 
according to Kokubo and Takadama [17]. Samples were incubated in SBF for 7 and 14 days at 37 oC 
in sterile polypropylene containers and then freeze-dried for further analysis. The ratio of the 
composite hydrogel’s weight (g) to the solution’s volume (ml) was 1/100. 
2.10. Fourier transform infrared spectroscopy (FTIR) 
The samples before and after incubation in SBF, PBS, and dH2O were examined using ATR-
FTIR (Cary 630, Agilent Technology, UK) equipped with a diamond crystal. Spectra were collected 
in the 550-4000 cm-1 spectral range with a resolution of 4 cm-1 and by averaging 64 scans. 
2.11. Scanning electron microscopy (SEM) 
 SEM analysis was performed before and after incubation of the samples in PBS and SBF. 
Samples were coated with a carbon layer. SEM analysis was performed using a secondary electron 
detector JSM-7800F (Jeol UK Ltd., UK). Images were acquired with an accelerating voltage of 5 kV. 
2.12. Inductively-coupled plasma optical emission spectrometry (ICP-OES) 
 The concentrations of calcium and phosphorus in PBS and SBF during incubation of the 
materials were determined by ICP-OES using a 5100 Synchronous Vertical Dual View Spectrometer 
(Agilent Technologies, USA). The instrument was calibrated by means of standard solutions. 
Measurements were taken in triplicate. The results were expressed as mean ± standard deviation (SD). 
2.13. Radical scavenging capacity (RSC) 
The radical scavenging capacity (RSC) of the hydrogels was evaluated against ABTS•+ radical 
cations (Sigma-Aldrich, USA) according to [18] with some modifications. 10 mg of samples (n=3) 
were placed in a test-tube and 3 mL of ABTS•+ solution was added, followed by shaking in the dark 
at 30 ºC. The decrease in absorbance at 734 nm was evaluated after 5, 10, and 20 minutes using a 
spectrometer (UV-1800, RayLeigh, China). The RSC of the materials was calculated according to the 
following equation: 𝑅𝑆𝐶 =
𝐴0−𝐴𝑡
𝐴0
× 100%, where A0 was the absorbance of ABTS•+ solution before 
the addition of materials, and At was the absorbance of the solution with the sample after a given 
period of time. The results were expressed as mean ± standard deviation (SD).  
2.14. In vitro biological tests 
Preliminary in vitro cell tests were conducted with osteosarcoma MG-63 cell line (Sigma 
Aldrich, USA). 9.5 × 103 cells/cm2 were seeded on 1 mm thick samples in 48-well plate in 1 ml of 
DMEM culture media (Sigma Aldrich) supplemented with 10% FBS (Thermofisher), 100 IU ml-1 of 
penicillin and 0.1 mg ml-1 streptomycin (Sigma Aldrich). Cell culture was conducted at 37 oC, 90% 
humidity and 5% atmospheric pressure of CO2. 
In order to assess the proliferation of the cells, Cell Titer 96® AQueous One Solution Cell 
Proliferation Assay (MTS, Promega, USA) was conducted on days 3 and 7 after seeding according 
to the manufacturer’s protocol. Absorbance was measured at 490 nm with Tecan Infinite M200 PRO 
plate reader (Tecan Group LTD., Switzerland). For all sample groups, n = 3. The results were 
expressed as mean ± standard deviation (SD). 
Adhesion and morphology of cells was observed by fluorescence microscopy 3 and 7 days 
after seeding. Samples were washed with PBS, fixed with ice cold 70% ethanol for 10 min, then 
washed with PBS and stained with a combination of Texas Red C2-maleimide (cell membrane and 
cytoplasm; red colour; Invitrogen) and Hoechst #33342 trihydrochloride (nuclei, blue colour; Sigma 
Aldrich, USA), with final concentrations in PBS equal to 50 ng ml-1 and 0.5 µg ml-1, respectively. 
Staining was conducted at room temperature in the dark for  15 min. After staining, the samples were 
washed twice with PBS and visualised using an Axio Scope.A1 microscope (Zeiss, Germany). 
2.15. Antibacterial activity 
The antimicrobial efficacy of hydrogels was determined by colony forming unit (CFU) assays 
against S. aureus bacteria. To determine the time period for antimicrobial activity, bacteria were 
sampled at 1, 4 and 24 h time points. The CFU assay enumerated the surviving bacterial cells 
following incubation with a sample. Bacterial cells were incubated with the hydrogel and after 1, 4 
and 24 h of contact time, an aliquot of solution was removed, serially diluted and plated on agar to 
determine the number of bacterial cells remaining in the solution. An overnight culture of S. aureus 
in Luria broth (LB) was diluted to contain 1 x 106 CFU ml-1 (in LB) and 1 ml was applied to each 
sample. Samples were then incubated in a shaking incubator at 37 ˚C for the allotted time. After 1, 4 
or 24 h, serial dilutions of the bacterial solution were prepared in LB (up to 10-10), and 10 µl of each 
dilution was plated in triplicate on LB agar using the Miles and Misra method. Following overnight 
incubation at 37˚C, colonies were counted. For all sample groups, n = 3. The results were expressed 
as mean ± standard deviation (SD). 
2.16. Statistical analysis 
The results were analysed using one-way analysis of variance (ANOVA) with Duncan post-
hoc tests, which was performed with Statistica 13.1 software (Dell Inc., USA). The results were 
considered statistically significant when p < 0.05. 
3. Results and discussion 
3.1. Microstructure evaluation using µCT  
The quantitative analysis of μCT results showed that the closed porosity of all hydrogels was 
below 0.05%; therefore nearly 100% interconnectivity of the pores was obtained. WPI hydrogel 
revealed a high porosity above 70% (Figure 1B). The presence of BG particles in WPI matrix 
significantly reduced porosity, which is in agreement with the literature for other hydrogels modified 
with inorganic fillers [19]. Specifically, the reduction was higher for smaller BG particles and higher 
concentration of modifiers. Moreover, a heterogeneous distribution of the overall porosity was 
noticed in the composite materials, with higher values of the open porosity in the upper region of the 
samples (Figure 1C), as was also observed in µCT longitudinal cross sections (Figure 1A). Similar 
findings were reported in our previous work on WPI/gelatin/calcium phosphate composites [8]. The 
analysis of pore size distribution demonstrated that WPI hydrogel had pores predominantly in the 
range of 25-35 µm, while the pores of the composite samples were mostly in the range of 15-25 µm. 
Additionally, hydrogels containing 10% of BG exhibited much larger pores. The largest pores were 
up to 500 µm in diameter. µCT analysis showed that BG particles were generally homogenously 
distributed in the hydrogel matrix, however, in the case of composite containing 20% of BG, the 
smaller particles tended to agglomerate, while the bigger ones were concentrated near the edges and 
bottom of the sample (Figure 1A). 
 
Figure 1. Representative μCT analyses of the WPI and WPI/BG hydrogels - 3D reconstruction and 
cross sections (A). White regions – BG particles, dark regions – pores. Quantitative data based on 
μCT analyses of the WPI and WPI/BG hydrogels: open porosity (B), open porosity distribution (C), 
and pore size distribution (D). Statistically significant differences (p < 0.05) between materials are 
indicated by subsequent lower Latin letters. 
 
In our recent works, introduction of ceramic particles, namely calcium phosphate [8] and 
aragonite [9] in WPI-based matrices also resulted in porous materials with much bigger pores 
compared to unmodified samples. What is more, in contrast to this study, both composites showed 
inhomogeneous distribution of the fillers in polymer matrices, even though all materials were 
obtained following the same protocol. This suggests that distribution of fillers in WPI-based matrix 
depends on their properties (i.e. chemical composition, shape, size, zeta potential, and surface area). 
3.2.  Thermal and mechanical analysis 
 
Figure 2. Thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of the WPI and 
WPI/BG hydrogels. 
 
The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves of hydrogels 
are shown in Figure 2. Three noticeable stages of thermal degradation of hydrogels were observed 
in the temperature range of 35-600°C. The first degradation stage occurred at approximately 35-
250°C, corresponding to the loss of free, bonded, and interstitial water. The second stage, from 
approximately 250 to 500°C is associated with the chemical decomposition of WPI. The third stage 
took place above 500°C, corresponding to oxidative degradation of carbon residues formed during 
the previous stage. In a nitrogen atmosphere, the carbonaceous material formed in the third stage did 
not undergo complete decomposition [20]. Furthermore, it should be taken into account that WPI 
contains up to 5% ash. 
It was observed that the presence of BG particles in WPI matrix, especially bigger particles 
and at higher particle concentration, significantly reduced mass loss in the first stage. In addition, the 
first peak in the DTG curves noticeably shifted to the higher temperatures for composite hydrogels. 
These results indicated that the presence of BG particles in WPI matrix reduced water content in 
hydrogels. In the second stage, the degradation temperature of WPI increased upon modification with 
BG particles from 301°C for WPI hydrogel to about 310°C for WPI/BG composite hydrogels. This 
indicated the improved thermal stability of the composites. Degradation temperature of WPI was in 
agreement with the literature data obtained for WPI-based materials [21]. Mass loss of composite 
materials in the second stage was significantly higher compared to WPI hydrogel. This may be related 
to improved water retention of BG particles in composites. As the sol-gel derived A2 BG exhibits 
high surface reactivity and high surface area, the formation of additional silanol groups (Si-OH) and 
increase in content of chemically adsorbed water on BG surfaces may occur under autoclaving 
conditions during hydrogel preparation. The processes of condensation and elimination of hydroxyl 
groups as well as volatilization of chemically adsorbed water take place at higher temperatures (above 
250 ºC) [22]. 
Mechanical properties of hydrogels were determined using a compression test. As shown in 
Figure 3A, the incorporation of BG particles led to significant decreases in Ec and σ50%. WPI hydrogel 
exhibited an  Ec  value of 1.8 MPa. The addition of smaller BG particles (2.5 µm) resulted in values 
of 0.7 and 0.8 MPa for 10% and 20% of BG, respectively. The presence of both concentrations of 45 
µm BG particles resulted in an Ec value of 0.8 MPa. The control sample showed σ50% of 0.9 MPa, 
while the materials containing BG particles showed similar values of 0.6 MPa. 
Deterioration of mechanical properties of the WPI/BG hydrogels may result from the presence 
of bigger pores, especially for hydrogels with 10% of BG particles (Figures 1A and 1D), and 
inhomogeneous distribution of porosity in composite materials (Figure 1C), despite the lower 
porosity. Although the presence of ceramic fillers in a hydrogel polymer matrix [8,9], and the lower 
porosity of the material [19] usually results in improved mechanical properties, in this case pore size 
and distribution seem to be the key factors influencing the strength of materials. Furthermore, in the 
case of materials with 20% of BG particles, reduced mechanical parameters may be due to the 
tendency of smaller particles to agglomerate or less homogenous distribution of bigger particles in 
the WPI matrix. Li et al. [23] showed that a high concentration of TiO2 reduced Young’s modulus 
and tensile strength of WPI-based films because the polymer network continuity was interrupted by 
the TiO2 agglomerates. The hydrogels obtained in this study are only suitable for non-load bearing 
applications.  
Viscoelastic properties of hydrogels were evaluated using dynamic mechanical analysis (DMA). 
Figures 3B-3D show changes in storage modulus (E’), loss modulus(E’’) and loss factor tan δ (E”/E’) 
of hydrogels over a temperature range  -90 - 100 °C. All of the materials showed predominantly 
elastic characteristics, displaying a higher elastic modulus (E’) than viscous modulus (E’’) over the 
entire temperature range. In the temperature range -90 - 10°C, all hydrogels showed a stiff glassy 
regions with high values of E’ and low values of E’’, resulting from the limited mobility of polymer 
chains additionally trapped between the ice crystals. Above 0°C, a sudden drop in E’ and increase in 
E’’ occurred due to the onset of a thermal transition. Movement of polymer chains and water 
molecules in hydrogel network was possible, leading to energy dissipation. In the temperature range 
30 - 70°C, a relatively stable trend in E’ and E’’ values was observed which is related to the flexible 
rubbery region. The most significant differences in E’ and E’’ curves were observed above 70 °C. 
For WPI/BG composites containing smaller BG particles, a sudden drop in E’ and E’’ values was 
observed. This was due to disintegration of the hydrogels. A reason may be that smaller particles 
caused significant interruption in the polymer network continuity [23], and therefore, after partial 
water evaporation from hydrogel network, materials lost their mechanical integrity. In the case of 
WPI as well as WPI/10A245 and WPI/20A245 there was no such distinct changes. Storage modulus of 
these hydrogels tended to increase, indicating material reinforcement, probably related to partial 
water evaporation. The strong peak in the tan δ curves revealed the presence of a glass transition 
temperature (Tg). A shift in Tg to higher values was observed for WPI/BG composites (18 °C ≤ Tg ≤ 
20 °C) compared to pure WPI hydrogel (Tg = 16 °C). Furthermore, for composites with 10% of BG 
particles, increase in peak intensity was observed.  
Variations in mechanical properties, water retention capacity and thermal stability between WPI 
and WPI/BG hydrogels may be attributed to changes in the structure of the WPI-based matrix. On 
the one hand, divalent cations, such as Ca2+ released from BG particles, are able to crosslink 
negatively charged groups of proteins, enhancing the intermolecular interactions [24]. On the other 
hand, the presence of Ca2+ ions during heat-induced gelation may result in the formation of weaker, 
more non-covalent interactions between whey protein chains at the expense of strong, covalent 
disulfide bonds [25]. Besides the different cross-linking densities and bond strength between the 
crosslinked protein chains, hydroxyl groups present on the surface of sol-gel-derived BG particles 
may replace polymer-polymer interactions by developing polymer-BG hydrogen bonding [26]. A 
shift in Tg on the tan δ curves could confirm changes in intermolecular interaction density [27], as 
well as enhanced WPI-BG interactions [28].  
 
 
Figure 3. Compression test results: Stresses corresponding to compression of a sample by 50% and 
Young’s modulus of WPI and WPI/BG hydrogels (A). Statistically significant differences (p < 0.05) 
between materials are indicated by subsequent lower (for σ50%) and upper (for EC) Latin letters. DMA 
results: storage modulus E’ (B), loss modulus E’’ (C) and loss factor tan δ (D) curves of the WPI and 
WPI/BG hydrogels. 
 
3.3. Swelling and degradation tests 
 
Figure 4. Swelling of WPI and WPI/BG hydrogels (A, B) and release of proteins (C, D) after 
incubation in dH2O (A, C) and PBS (B, D). Statistically significant differences (p < 0.05) between 
materials are indicated by subsequent lower (for 1-day incubation), upper (for 3-day incubation) Latin 
letters and Greek letters (for 7-day incubation). 
 
After incubation in water, in contrast to the control (pure WPI), swelling ability of samples 
containing BG particles gradually decreased with increasing incubation time, from around 37 to 27% 
for smaller particles and from 28 to 20% for larger ones (Figure 4A). Incubation in PBS, in contrast 
to dH2O, resulted in increased swelling percentage of the WPI/BG hydrogels with increasing 
incubation time (Figure 4B). Furthermore, it was observed that values noted for WPI/10A22.5 and 
WPI/20A22.5 materials were in the range 30 - 45%, materials with 45 μm BG particles between 17 
and 25%, while swelling of pure WPI decreased from 3% to 1% at the end of the experiment. The 
level of swelling both in dH2O and PBS was higher for samples containing 2.5 μm BG than those 
with 45 μm particles, which was particularly visible for samples incubated in PBS. 
The differences in swelling behaviour between materials incubated in various media, i.e. PBS 
and dH2O, were probably caused by differences in the concentration of the ions and pH during thermal 
gelation and during the swelling process, as well as the buffer capacity of swelling media [29,30]. 
The ionic groups of the hydrogel are able to immobilise counterions, depending on the conditions, 
such as pH. Thus, during incubation in the swelling medium an osmotic pressure is generated across 
the hydrogel, resulting in a water uptake (swelling) or water loss (shrinking). As shown in our 
previous works, rapid dissolution of A2 BG resulted in alkalisation of aqueous media, depending on 
medium type (buffer solution/dH2O) and size of BG particles [14,31]. Smaller size particles and their 
higher surface area resulted in higher contact area with the solution during hydrogel preparation as 
well as during swelling tests, resulting in faster release of Ca2+ ions and pH changes. Changes in 
swelling between WPI and WPI/BG hydrogels may also result from additional interfaces between 
BG particles and polymer matrix working as microvoids that would allow faster diffusion of 
incubation medium. On the other hand, incubation of the WPI/BG materials in buffer containing 
phosphate ions (PBS) and massive release of Ca2+ ions from BG structure resulted in formation of a 
new mineral phase  – calcium phosphate (Figures 5 and 6), affecting mass changes measurements. 
What is more, mass changes were also influenced by WPI matrix degradation, as was observed during 
protein release measurements (Figures 4C-4D).  
3.4. Material analysis after incubation in different media 
 
Figure 5. ATR-FTIR spectra of WPI and WPI/BG hydrogels before and after 7-day incubation in 
dH2O and PBS and after 14-day incubation in SBF. For comparison, the FTIR spectrum of A2 
bioactive glass is also shown. 
 
The ATR-FTIR spectra of A2 glass and WPI-based hydrogels incubated in PBS and dH2O for 
7 days and in SBF for 7 and 14 days are presented in Figure 5. The band around 3270 cm-1 
corresponds to stretching vibrations of -OH and -NH2 groups. Weak bands observed at 2950 cm
-1 are 
connected with stretching vibrations of -CH2 groups. The bands at 1640, 1520, 1385, and 1240 cm
-1 
are characteristic for primary (C=O stretching), secondary (N-H bending coupled with C-N 
stretching), and tertiary (C-N stretching and N-H bending) amide groups of proteins, respectively 
[32]. The spectra of the WPI/BG hydrogels contain additional bands due to the presence of BG. A 
broad new band between 1140 and 890 cm-1 is assigned to the stretching vibrations of SiO4 and PO4 
tetrahedra [16].  
After incubation in PBS, SBF, and dH2O, there were no significant changes in the spectra of 
WPI hydrogel. The spectra of WPI/BG materials after incubation in PBS and SBF contain new bands. 
A band observed between 960 and 1130 cm-1 corresponds to stretching vibrations of PO4
3- groups. A 
double band in the range of 600 - 560 cm-1 indicates the formation of crystalline calcium phosphate 
(CaP) and is related to the bending vibrations of PO4
3-groups [33]. This can confirm mineralisation 
of WPI/BG hydrogels. The spectra of WPI/BG hydrogels incubated in PBS and SBF display a new 
band at 874 cm-1 which can be assigned to CO3
2- bending vibrations. This may indicate that the CaP 
phase which crystalizes during incubation was carbonated hydroxyapatite [34]. Furthermore, a new 
band of low intensity at 800 cm-1 appeared in the spectra of composites with smaller BG particles 
after incubation in SBF, which may be related to silica groups in the CaP/silica gel layer. In the case 
of composites with smaller BG particles incubated in SBF, the bands characteristic of a CaP phase 
exhibited higher intensities compared to materials with <45 µm particles. This may indicate an 
enhanced mineralization of these composites. A reason may be that smaller particles were more 
exposed on the surfaces of WPI/BG hydrogels and they have a higher surface area compared to larger 
ones. This led to faster release of Ca2+ ions from the BG structure and faster supersaturation of the 
incubation medium, accelerating nucleation and crystallization of the CaP phase. 
 
Figure 6. SEM images of WPI and WPI/BG hydrogels before and after 7-day incubation in PBS and 
after 14-day incubation in SBF. EDX analyses were performed at the points marked by crosses for 
the samples incubated in SBF. 
SEM images of WPI-based hydrogels before and after incubation in PBS and SBF are shown 
in Figure 6. Analysis of the samples before incubation showed that BG particles of both sizes were 
homogeneously distributed in WPI hydrogels. Smaller particles formed single, small agglomerates, 
which were also evenly distributed in the WPI hydrogel matrix.  
 After incubation in both media, namely PBS and SBF, WPI/BG hydrogels showed 
morphological changes. As confirmed by FTIR analysis, precipitation of a calcium phosphate phase 
occurred. Furthermore, EDX analysis of the samples after incubation in SBF clearly indicated that 
precipitates were rich in calcium (Ca) and phosphorus (P). Also, incorporation of sodium (Na) and 
chlorine (Cl) into hydrogels from SBF was observed. 
 
Figure 7. Concentration of Ca (A,C) and P (B,D) in PBS (A,B) and SBF (C,D) after incubation of 
WPI and WPI/BG hydrogels.  
 
Figure 7 shows concentrations of Ca and P measured in PBS and SBF during incubation of 
the hydrogels. On the one hand, the changes in concentration of Ca in media were related to release 
of the ions from BG particles. On the other hand, incorporation of calcium ions into hydrogels from 
biologically related fluids occurred at the same time. Simultaneously, an almost total reduction in P 
concentration just after 7-day incubation in SBF and gradual decrease during incubation in PBS was 
observed, confirming the intensive mineralization of all hydrogels containing BG particles.  
As the A2 BG is a sufficiently rich source of Ca2+ ions for inducing supersaturation of PBS, 
the mineralisation process of the WPI/BG hydrogels occurred also in this medium. CaP precipitation 
on the surface of PCL-based composites containing A2 BG incubated in PBS was also observed in 
our previous work [35]. Incorporation of a bioactive ceramic phase in hydrogels, especially BGs, is 
one effective strategy for in situ mineralisation of hydrogels [14,31]. This approach can result in 
improvement of mechanical properties of hydrogels after implantation and also impart the ability to 
bond to bone, actively supporting the regeneration of bone tissue. 
3.5. Enzymatic degradation 
 
Figure 8. Mass loss of WPI and WPI/BG hydrogels after incubation in trypsin (A) and subtilisin (B) 
solutions. Statistically significant differences (p < 0.05) between materials are indicated by 
subsequent lower (for 1-day incubation), upper (for 3-day incubation) Latin letters and Greek letters 
(for 7-day incubation). 
 
Incubation in both enzyme solutions resulted in increased mass loss of all materials with 
increasing incubation time, indicating ongoing degradation processes (Figure 8). The presence of BG 
particles decreased degradation in both enzyme solutions, however reduction was visible after longer 
degradation periods (3 and 7 days). It seems that BG particle size and concentration did not influence 
the degradation process of composite hydrogels. Furthermore, the degradation was higher in trypsin. 
After 1-day incubation differences between materials incubated in trypsin and subtilisin were the most 
significant; mass loss for all materials was in the range 20 – 24 % and 10 – 16%, respectively. 
Furthermore, it was observed that mass loss after 7-day incubation in trypsin and subtilisin for pure 
WPI was 43% and 37%, respectively, while for composite hydrogels the values were in the range 27 
- 30% and 22 - 27%, respectively. 
 Reduced enzymatic degradation of WPI/BG hydrogels compared to pure WPI material may 
be due to significantly lower open porosity of the composites (Figure 1B), resulting in lower contact 
area of material surfaces with the enzyme solutions. Differences in degradation between WPI and 
WPI/BG hydrogels were observed only after longer incubation periods. This can indicate that, 
initially, enzyme action involved the exterior of materials. After longer incubation periods, 
degradation processes took place also in the interior, where porosity would be an important factor. 
Furthermore, the different cross-linking densities and bond strengths between the crosslinked protein 
chains, resulting from the presence of calcium ions in WPI/BG hydrogels’ structure, may also alter 
enzymatic degradation [36]. 
Enzymatic degradation of protein-based biomaterials is one of the most important issues. This 
is due to the presence of many proteolytic enzymes during tissue healing and remodelling processes. 
Therefore, studying enzymatic degradation processes and understanding the factors affecting them is 





3.6. Radical scavenging capacity 
 
Figure 9. Radical scavenging capacity (RSC) of WPI and WPI/BG hydrogels against the ABTS•+ 
radical as a function of time. 
The hydrogels’ radical scavenging capacity against the ABTS•+ radical is shown in Figure 9. 
WPI hydrogels showed relatively low RSC, below 10% even after 20 min of contact with radicals, in 
contrast to the WPI/BG hydrogels. After 5 min, all of the composite hydrogels exhibited similar high 
RSC up to approximately 32%. The RSC of WPI/BG composites increased over time, reaching 
approximately 10% higher values for hydrogels with smaller BG particles (52-54%) compared to 
materials containing larger ones (43-45%). Interestingly, BG concentration did not affect the RSC 
significantly, however the values for hydrogels containing 20% of BG tended to be higher. 
Radical scavenging capacity of whey proteins can be ascribed to the presence of amino acids 
residues that are prone to oxidation and therefore can scavenge radicals before they are able to damage 
other macromolecules. An example of such an amino acid is the cysteine residue in β-lactoglobulin 
with a free reactive thiol group (–SH). However, the antioxidant activity of these amino acids residues 
is greatly limited by the tertiary structure of the proteins, since they are not accessible to radicals [38]. 
One of the strategies for increasing antioxidant activity of proteins is disruption of their tertiary 
structure, i.e. protein denaturation. During heat treatment of WPI solution, protein unfolding 
(denaturation) and aggregation (gelation) occur. The obtained aggregates/gels showed high radical 
surface reactivity, ensured by accessible –SH groups. Furthermore, it has been shown that the 
presence of calcium ions in WPI solution markedly improved the level of protein denaturation and 
accessibility of radical scavenging thiol groups [39]. Therefore, the significantly higher radical 
scavenging capacity of WPI/BG hydrogels compared to WPI material may result from the 
aforementioned fast release of the Ca2+ ions from calcium-rich A2 BG. Smaller size of particles and 
their higher concentration may lead to faster release of Ca2+, while also improving radical surface 
reactivity of hydrogels resulting from enhanced protein denaturation and higher accessibility of –SH 
groups. Radical scavenging capacity of WPI/BG composites did not arise from overall antioxidant 
activity of A2 BG particles, as was confirmed in our previous studies on poly(ε-caprolactone)/A2 
composites [18,40]. 
The implantation of all biomaterials results in a foreign body response, involving generation 
of reactive oxygen species (ROS). Chronically high levels of ROS lead to oxidative stress which 
negatively affect tissue healing processes and may result in a number of pathological conditions [41]. 
Therefore, there is need to develop biomaterials with modulated antioxidant activity to support 
antioxidant mechanisms in human body. 
 
3.7. In vitro biological tests 
 
Figure 10. Cell proliferation after 3- and 7-day culture of MG-63 cells on WPI and WPI/BG 
hydrogels (A). Statistically significant differences (p < 0.05) between materials are indicated by 
subsequent lower (for 3-day cell culture) and upper (for 7-day cell culture) Latin letters. Fluorescent 
microscopy images of MG-63 cells cultured for 7 days in direct contact with WPI and WPI/BG 
hydrogels (B). Red colour - cell membrane and cytoplasm; blue colour – cell nuclei. The results of 
CFU assay after 1, 4, and 24 h contact of S. aureus bacteria with WPI and WPI/BG hydrogels (C). 
Statistical analysis showed no differences (p < 0.05) between materials. 
 
Figure 10A presents the results of the MTS cell proliferation assay after 3 and 7 days of cell 
culture on the WPI-based hydrogels. It can be observed that addition of BG particles resulted in lower 
cell proliferation after day 3 in comparison to pure WPI. After 7 days, proliferation of cells seeded 
on the materials containing 10% of BG was noticeably higher in comparison to that on materials 
containing 20% of BG. There was no significant difference in cell proliferation after 3 or 7 days 
between WPI/10A22.5 and WPI/10A245 samples. The cell proliferation was the same on WPI/20A22.5 
and WPI/10A245 samples on day 3 but was higher on WPI/20A22.5 than on WPI/10A245 on day 7. As 
expected, cell proliferation was the highest on control TCPS which is the optimized material for cell 
culture. 
The aforementioned results were also confirmed by the microscopic observations (Figure 
10B). After 7 days of culture, the pure WPI sample was characterized by the highest number of cells 
from all the sample groups. Cells on WPI hydrogel reached confluency on day 7 in comparison to 
WPI/BG samples, where cells did not reach confluency even on day 7. However, the cells on all 
materials showed a flattened and well-spread morphology. It seems that after 7 days MG-63 cells 
were growing into the materials, as they seem to be covered by a thin layer of the hydrogel.  
The results indicated that the higher the concentration of BG, the lower the cell proliferation. 
Those results might imply a positive influence of WPI/BG hydrogels on osteogenic cell 
differentiation, which needs to be further examined. Superb et al. [42] observed that increasing 
concentration of nano-sized BG in poly(3-hydroxybutyrate)-based composites induced reduction in 
MG-63 cell proliferation but enhanced alkaline phosphatase (ALP) activity and expression of an 
osteogenic marker – osteocalcin. In turn, Zamani et al. [43] showed no differences in proliferation of 
MG-63 cells on alginate/BG hydrogels, but they observed higher ALP activity on materials with 
higher concentrations of BG. The results confirmed our previous observations that WPI-based 
hydrogels are cytocompatible and support osteoblastic cell functions [7–9]. Therefore, they could be 
considered as biomaterials for bone tissue engineering applications.  
3.8. Antibacterial activity 
The results showed that WPI and WPI/BG hydrogels did not show any antibacterial effect 
against S. aureus after 1, 4, and 24 h contact time under the conditions tested (Figure 10C). 
Furthermore, there were no statistically significant differences between samples without and with 
10% and 20% of BG particles. 
Antibacterial activity of highly soluble BG was previously reported in the literature [44]. The 
high concentrations of released calcium ions can change pH and osmotic pressure of the environment 
and can also alter bacterial membrane potential resulting in antibacterial properties of BG [45,46]. 
Our previous studies indicated that the presence of A2 BG particles in hydrogel matrices modulated 
their antibacterial action against S. aureus in a different manner – from full antibacterial activity of 
pectin/BG hydrogels [14] to a moderate antibacterial effect of GG/BG materials [31]. This can be 
related to different concentrations of BG particles in the polymer matrix; however the second possible 
explanation is the difference in hydrogel matrices and their interactions with BG particles, affecting 
e.g. Ca2+ ion release kinetics and amount. 
4. Conclusions 
In the present work, novel WPI-based hydrogels, modified with sol-gel-derived, calcium-rich 
BG particles were prepared and comprehensively evaluated. µCT analysis showed that hydrogels 
showed high porosity and nearly 100% interconnectivity of the pores. BG particles were generally 
homogenously distributed in the hydrogel matrix, affecting pore size, and reducing material porosity, 
depending on BG particle sizes and concentrations. Thermal analysis showed that the presence of BG 
particles in WPI matrices reduced water content in hydrogels and improved their thermal stability. 
Incorporation of inorganic particles led to a reduction of mechanical properties of the hydrogels. 
Swelling ratio of hydrogels depended on incubation medium and also size and concentration of BG 
particles. BG particles decreased enzymatic degradation of the materials. The results confirmed that 
the obtained composite hydrogels had the capacity to mineralize in simulated biological fluids (PBS 
and SBF) and possessed high radical scavenging capacity. Preliminary in vitro tests indicated that 
hydrogels were cytocompatible and supported MG-63 osteoblastic cell functions. The materials 
produced did not show any antibacterial effect against S. aureus. Importantly, the simple and 
inexpensive heat-induced gelation technique used allowed us to obtain ready-to-use, sterile materials, 
which is especially challenging in the case of hydrogels. The BG-containing WPI hydrogels displayed 
promising properties and are worthy of further in vitro and in vivo investigation as inexpensive and 
widely available biomaterials for bone tissue regeneration. 
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